This paper presents a novel wheeled probe for the purpose of aiding a surgeon in soft tissue abnormality identification during minimally invasive surgery (MIS), compensating the loss of haptic feedback commonly associated with MIS. Initially, a prototype for validating the concept was developed. The wheeled probe consists of an indentation depth sensor employing an optic fibre sensing scheme and a force/torque sensor. The two sensors work in unison, allowing the wheeled probe to measure the tool-tissue interaction force and the rolling indentation depth concurrently. The indentation depth sensor was developed and initially tested on a homogenous silicone phantom representing a good model for a soft tissue organ; the results show that the sensor can accurately measure the indentation depths occurring while performing rolling indentation, and has good repeatability. To validate the ability of the wheeled probe to identify abnormalities located in the tissue, the device was tested on a silicone phantom containing embedded hard nodules. The experimental data demonstrate that recording the tissue reaction force as well as rolling indentation depth signals during rolling indentation, the wheeled probe can rapidly identify the distribution of tissue stiffness and cause the embedded hard nodules to be accurately located.
INTRODUCTION

Haptic feedback during robotics-assisted minimally invasive surgery
There have been notable advances in robot-assisted minimally invasive surgery (MIS) in recent years. The most well-known robotic surgical systems are the Zeus TM Surgical System (Computer Motion, Inc. [1] ) and the da Vinci TM Surgical System (Intuitive Surgical, Inc. [2] ). Distinct advantages of these robotic systems include high distal dexterity, enhanced three-dimensional (3D) vision, motion scal-ing, and tremor filtering, as well as direct hand-eye coordination eliminating reversed tool motions. These advances result in improved ergonomics and also allow complex surgical procedures that are usually difficult to conduct by conventional minimally invasive means, such as coronary artery bypass grafting [3] and mitral valve repair [4] , to be effectively performed. However, the lack of haptic feedback in current robot-aided MIS systems is still one of the major downsides of such systems. In robotic urological procedures, the lack of haptic feedback can cause problems during surgery, especially when attempting to remove cancer, such as locally advanced T3 prostate cancer and large bulky muscle invasive bladder cancer. Here, haptic feedback would be particularly helpful, as currently surgeons risk leaving cancer behind, risking a positive surgical margin. During open surgery, surgeons can avoid this problem by palpating the cancerous areas and, thus, excising the cancer completely, ensuring a negative margin. A probe with an integrated sense of 'touch' would thus be very useful for many clinical applications involving MIS.
Haptics, which represents the sensation felt by the human hand, is a term to describe both force (kinaesthetic) information and tactile (cutaneous) information [5] . Many researchers have put effort into developing devices that can measure either the tactile or kinaesthetic signals via the tissue-instrument interaction for tissue diagnosis. The use of a transrectal probe equipped with tactile sensors to identify prostate tumours was described by Egorov et al. [6] . Tactile feedback systems have also been proposed for identification and characterization of pulmonary tumours [7] , lesions in the breast [8] , and for identifying arteries during robotic surgery [9] . Measuring kinaesthetic feedback from tissue-instrument interaction for tissue diagnosis has also been widely studied. A computerized endoscopic surgical grasper which can measure mechanical properties of the grasped tissue is described by Hannaford et al. [10] . By applying automated palpation, the grasper can distinguish between lung, spleen, liver, colon, intestine, and stomach. In reference [11] , a strain gauge-sensorized laparoscopic grasper was developed to detect the compliance of the object via measuring the grasping force and grasper position. In reference [12] , the feasibility of utilizing a forcesensitive probe to localize lung tumours based on tissue stiffness variations is discussed. The above works show that using tactile and kinaesthetic feedback for tissue diagnosis during MIS is an approach with great potential.
The works reported in references [13] and [14] have demonstrated that by preregistering a soft tissue surface, using a force-sensitive probe to conduct a rolling indentation with constant indentation depth allows the continuous and rapid measurement of the mechanical tissue properties, providing information on both the tissue reaction forces from wheel-tissue interaction (force information) and their spatial distribution (tactile information). However, preregistering a soft tissue surface (i.e. creating a map of the tissue's height distribution) is time consuming and the tissue shift during the surgery may induce inaccuracies in the surface registration. Therefore, the capability of simultaneously measuring the indentation depth along the rolling path has become necessary. The aim of the current paper is to introduce a new prototype design which is capable of concurrently measuring the rolling indentation depth and the corresponding tissue reaction force. By calculating the tissue stiffness using the indentation depth and tissue reaction signals along the rolling path, instead of a tissue reaction force map, a stiffness distribution map of the tissue can be generated. This map eliminates the distortion from the inaccuracy of the indentation depth and increases the effectiveness of soft tissue abnormality detection. Research has shown that there is a notable difference in stiffness between benign and malignant tissue: a malignant tumour will typically be stiffer than the surrounding parenchyma [15, 16] . Hence, a surgeon could rapidly identify abnormal tissue regions through the inspection of high-stiffness areas in these maps.
The measurement of rolling indentation depth
The rolling indentation depth is given by the relative displacement of the wheel with respect to the soft tissue surface. Hence the rolling indentation depth can be measured by acquiring the local tissue deformation when the wheel rolls over the soft tissue. So far, a number of techniques have been developed to intra-operatively acquire the tissue deformation during MIS. Intraoperative 3D computed tomography (CT) techniques can provide information regarding soft tissue morphology and structure. This technique is particularly suitable for differentiating between bones and other tissues and, thus, has been often used in image-guided surgery such as oral surgery [17] , orthopaedic surgery [18] , neurosurgery [19] as well as prostate brachytherapy [20] . However, owing to the cost and the radiation exposure associated with this technique, it is not ideal to be used to measure tissue deformation intraoperatively during MIS.
A relatively inexpensive and practical technique to measure the tissue deformation is to use optical stereo vision. Methods based on the optical stereo vision method utilize two or more cameras to interpolate the 3D information of an object, including the shape, texture, and depth, based on computer vision techniques and the known geometry coordinates between the cameras [21] . Using a high-speed camera, this technique can extract information in real time, and thus it can be used to recover the 3D structure of the operating field [22] and track the temporal motion of deformable tissue surfaces [23] during MIS. While the applications of optical vision methods in MIS are promising and progressing, one major downside with this technique is the difficulty in extracting features on curved and specular surfaces. In medical applications, especially during a surgery where the internal organs are all surrounded by fluids and have curved surfaces, optical stereo vision methods are not always effective [21] .
To extract features on curved surfaces, laser line scanners can be used. While this type of system provides high-resolution 3D images, its speed is usually not real time. Hence it is difficult to acquire feature information from moving objects using such a system. A more practical way to obtain the 3D information of a curved object in real time is to use structured light [21, 24, 25] . This technique projects a known light pattern on to an object. The shape of the illuminated pattern on the object is then viewed from a camera mounted next to the projector. Given the known position and orientation of both camera and projector, the information including the shape and the distance of the object can be calculated. However, to use such a technique to infer real-time wheel indentation depth is problematic. First, while this technique works effectively for a curved object, it has difficulties in extracting information on the specular surfaces which are often encountered inside the body. Second, it is difficult to integrate the wheeled probe with the projector and the camera while maintaining the small size of the whole device.
In view of the limitations associated with the above intraoperative 3D imaging techniques, a new technique to measure the wheel indentation depth in real time is proposed in the current paper. The proposed method is to develop a fibre optic indentation depth sensor and integrate this sensor with a force/torque sensor into a wheeled probe in order to concurrently measure the wheel indentation depth and the tissue reaction force during the wheel-tissue interaction. The principle of measuring the indentation depth using a fibre optic indentation depth sensor is introduced in detail in section 3. The advantages of utilizing such a method are two-fold.
The method is effective and low cost as it can
accurately measure the wheel indentation depth in real time without the need for a high-speed camera system and complicated imaging processing. 2. The indentation depth sensor can be easily miniaturized and integrated with the force-torque sensor to allow the whole probe to pass through a trocar port.
In this paper, the design of the wheeled probe, which has the capability of measuring the rolling indentation depth, is first introduced. Second, the principle of measuring the indentation depth during rolling indentation is described. Third, the performance of the developed wheeled probe for tissue abnormality identification is investigated.
THE WHEELED INDENTATION PROBE WITH THE CAPABILITY OF INDENTATION DEPTH SENSING
To conduct a laboratory-based feasibility study, a prototype of the wheeled probe was constructed as shown in Fig. 1 . The device consists of two separate sensing components, each equipped with a wheel as end-effector. The first wheel, wheel A, measures the rolling wheel-tissue interaction force, and the second wheel, wheel B, measures the corresponding rolling indentation depth. The wheel-tissue interaction force imparted on wheel A is acquired and logged using an ATI Nano17 force/torque sensor (SI-12-0.12) and a 16-bit data acquisition card (NI PCI 6034E). This force sensor allows for the measurement of the three force components (F x , F y , F z ) imparted by the tissue on to the wheel. As shown in Fig. 2 , wheel A has a diameter of 8 mm and a width of 8 mm. The wheel is grooved, with 12 teeth along its circumference to avoid slip during rolling, and is able to follow curved trajectories in the x-y plane. The other sensing component is the indentation depth sensor, consisting of a fibre-optic displacement sensor and a second wheel, wheel B, a spherical end-effector with a diameter of 5 mm (see Fig. 1 ). The employed principle of displacement sensing is based on a 'bent optic fibre pair configuration' [26] . Figure 2 shows the basic form of this sensing configuration.
Earlier work by the present authors [26] shows that the best sensitivity over the required measurement range of 8 mm can be achieved with an angle of 30u between the two fibre tips, i.e. a 5 30u. In order to increase the robustness of the measurements, three pairs of 1 mm diameter polymer fibres are grouped around a central cone-shaped core facing a reflector, Fig. 2 . Each fibre pair consists of a transmitting fibre and a receiving fibre. A 1.25 W high-intensity luxeon light-emitting diode (LED) is used as the light source. Three SFH2030 silicon photodiodes are used for detecting the light power transmitted through the three receiving fibres respectively. The voltage outputs from the three photodiodes are averaged to compensate for the distortion from lateral movements of the reflector to achieve the signal robustness. The reflector connects with a rod (with a diameter of 2 mm). The reflector/ rod assembly has a free vertical movement following the displacement of wheel B in the z direction. The small weight of wheel B (3.5 g) ensures that the wheel is always extended outwards due to gravity; this allows the tissue's surface to be followed continuously without indenting the tissue noticeably. To account for the non-linearity of the fibreoptical displacement sensor, the indentation depth measuring sensor was calibrated. Through experimentation the following calibration equation and parameter values were found
where P 5 0.53, Q 5 0.013, K 5 0.018, J 5 0.43, V(h) is the measured voltage at the differential distance h mm between the tip of the fibre and the reflector. Signals from both the force/torque sensor and the displacement sensor are recorded using a National Instruments PCI data acquisition card and the associated LabView 8.0 software package. The entire unit is attached to the distal tip of a Mitsubishi RV-6SL six degrees of freedom (DoF) robotic manipulator to allow for accurate motion control.
MEASURING INDENTATION DEPTH DURING ROLLING INDENTATION
To obtain the wheel indentation depth during the rolling indentation in practice, the indentation depth can be measured as shown in Fig. 3 . Defining the indenting direction of the wheel as the z axis, and the driving direction of the wheel as the x axis, the indentation depth is approximated as the differential distance between wheel A and wheel B in the z direction. Wheel A is connected directly to the force sensor and wheel B is connected via the sliding rod with the displacement sensor. Wheel B is constrained to a frictionless motion along the z axis in a range of movement of 8 mm; the contact between the wheel and the tissue is maintained by gravity. At this stage of the present research into measuring indentation depth, gravity is used to extend the measuring mechanism outward in order to guarantee contact between the wheel and the tissue. Future work will aim to study other mechanisms, in order to ensure that indentation depth can be measured independently of the direction of gravity, as may be required if the tool is to be moved arbitrarily with regards to lines of gravity. The principle of the indentation depth measurement is as follows: if wheel A indents downwards into the soft tissue, wheel B will be pushed upwards by the surrounding tissue with respect to the movement of wheel A. According to experimental observation, the soft tissue deformation in the vicinity of the wheel A follows an exponential curve, Fig. 3 . As wheel B is placed slightly away, l mm from wheel Fig. 2 The fibre-optic displacement sensor, including three pairs of transmitting and receiving fibres, a reflector and an inner rod connecting with wheel B; a is the angle between the transmitting fibre and receiving fibre, d is the width of fibres, and h is the distance between the tip of the fibre and the reflector A along the x axis, the relationship between the differential distance (H d ) of wheel A and wheel B and the indentation depth of wheel A (H t ) can be expressed as follows
where r and q are parameters related to the type of the investigated tissue, dimensions of the indenter, and the differential distance between the indenter and the contactor along the x axis, l.
THE VALIDATION OF THE WHEEL INDENTATION DEPTH SENSOR
To investigate the accuracy of the wheeled indentation depth sensor, a series of validation tests were conducted on a homogeneous silicone block, as shown in Fig. 4 . The first step of the validation test was to identify the unknown parameters in equation (2), to allow rolling indentation depth H t to be obtained by measuring relative distance H d . Prior to the test, the manipulator advanced the wheel indenter downward up to a point when the wheel indenter just got into contact with the silicone. The initial contact between the wheel indenter and the silicone was confirmed when the tissue reaction force rose to 0.05 N. During the test, the wheel indenter was vertically indented into the silicone up to a predefined indentation depth, H t , and the corresponding relative distance, H d , was measured using the wheeled probe.
For each H t , the test was repeated three times. Indentation depth H t was chosen to vary from 2 to 7 mm with increments of 1 mm between experiments. The unknown parameters were identified through data regression of the measurements of (H t , H d ) using equation (2) After the unknown parameters of equation (2) were identified, the next step of the validation test was to investigate the accuracy of the wheeled probe in measuring rolling indentation depth. Therefore, a series of rolling indentation tests were conducted on the silicone block. Prior to the rolling indentation test, a surface registration was performed, to register accurately the surface of the silicone block, which has a slight variation in the direction of the z axis. This was done by moving the optic fibre displacement sensor across the surface of the silicone block. Keeping the height along the z axis constant, the sensor was moved along a series of nine paths parallel to the x axis with a shift of 8 mm along the y axis between them. Each path is 75 mm in length and the initial path starts at (0, 0, 30) position on the silicone block. Figure 6 shows the resultant surface registration of the silicone block.
After surface registration, the wheeled probe was rolled over the silicone following the same paths as above at a plane (Z R ) which is normal to the z axis. The height of the plane Z R ranges from z 5 25 mm to 29.5 mm in 0.5 mm increments, resulting in a range of indentation depths from 1.5 mm to 6 mm. This procedure was repeated nine times to investigate the repeatability of the probe. The vertical differential distance between wheel A and wheel B (H d ) was measured by the sensor and converted into the actual rolling indentation depth (H t ) using equation (2) with parameters r 5 8.42 and q 5 8.42. The average percentage error of the indentation depth measurement from the repeated tests along the increase of the rolling indentation depth is shown in Fig. 7 . The results demonstrate that when the indentation depth is greater than 2.5 mm, the percentage error of the measurement is less than 10 per cent (resolution < 0.2 mm) and the wheeled indentation depth sensor can be used to measure accurately the rolling indentation depth. As shown in Fig. 7 , the error is high for small indentation depth. This is due to the non-linearity of the fibre optic displacement sensor, as the sensor has low sensitivity for small indentation depths and high sensitivity for large indentation depths.
To investigate the repeatability of the indentation depth sensor, the above validation experiment was repeated nine times, and the standard deviation of the measured indentation depth of each experiment was calculated as shown in Fig. 8 . It can be seen that repeatability of the sensor is in an acceptable range when the indentation depth is greater than 2.5 mm. To avoid inaccuracy and poor repeatability associated with the small indentation depth, for this study the wheel indentation depth was set to be in the range 3-6 mm.
STIFFNESS MAP
The prime function of the wheeled probe is the rapid inspection of tissue abnormalities for a large area of Fig. 6 The surface registration of the homogeneous silicone block Fig. 7 The percentage error of the indentation depth measurement along the increase of the rolling indentation depth Fig. 8 The standard deviation of the repeated indentation depth measurements. The experiment was repeated nine times to investigate the repeatability of the sensor the testing sample by applying rolling indentation. An abnormality may manifest itself as an abrupt peak or a high plateau which is greater than the threshold of normal tissue. By fusing the tissue reaction force and the rolling indentation depth information with path locations, the variations in tissue stiffness can be visualized and abnormal regions within the soft tissue can be identified from a resultant pseudo-colour map.
To examine the accuracy of abnormality localization using rolling indentation, a silicone phantom suitable for soft tissue simulation (RTV6166, General Electric [27] ) with nine rubber nodules (simulated tumour) was constructed. The dimensions of the phantom and the location and size of nodules are shown in Fig. 9 . The main mechanical properties and geometries of the silicone and rubber nodules are listed in Tables 1 and 2 .
To generate the map of the stiffness distribution of the silicone phantom, experiments were conducted as described below.
Predefine the rolling path
To avoid the inaccuracy of the indentation depth sensor associated with small indentation depth, the wheel was defined to be driven in a plane Z R which is normal to the z axis with z 5 25 mm, to gain an approximately 5 mm indentation depth during the rolling indentation. In the plane Z R , a series of 32 paths parallel to the x axis were defined, with a shift of 4 mm along the y axis between each path. Each path is 135 mm long and the initial path starts at position (x 5 12, y 5 5, z 5 25) on the silicone phantom. An area of 1356132 mm 2 is covered during the experiment.
Generate the force map and indentation depth map
The wheeled indenter travelled along the predefined path depth at a constant speed of 10 mm/s. The force imparted by the silicone, as measured by the force/torque sensor, and the rolling indentation depth as measured by the indentation depth sensor, were recorded during each traverse at a sampling rate of 100 Hz. Using Matlab, force signals along all paths were fused to generate a force map as shown Fig. 9 The dimensions of the silicone phantom displaying location, shape, and depth of the nine simulated nodules (A1, A2, A3 have a triangular cross-section; B1, B2, B3 have a square cross-section; C1, C2, C3 have a circular cross-section); T is the thickness of each nodule in Fig. 10 and the data of the rolling indentation depth were fused together to generate the indentation depth map as shown in Fig. 11 .
Generate the stiffness map
To obtain the map of the stiffness distribution of the silicone phantom, the first step was to convert the force signal to stress data and convert the rolling indentation depth to compressive strain data. The force signal was converted into stress using s 5 f/A, where s is the stress, f is the tissue reaction force, and A is the contact area between the wheel and tissue. To simplify the problem of modelling wheel A, the contact area was assumed to be 868 mm 2 , as wheel A is 8 mm wide and 8 mm in diameter. The rolling indentation depth was converted to the compressive strain using the following equation
where e is the compressive strain, H t is the rolling indentation depth, h is the z axis value of the rolling plane Z R , i.e. h 5 25 mm in this test. From the experimental observation, it was found that the stress-strain function of the silicone is governed by
where m represents the tissue stiffness, e is the strain, and s is the stress. By processing the stress and strain data using equation (4), the map of the stiffness distribution of the silicone phantom can be developed as shown in Fig. 12 . It was found that equation (4) can also generally match the stressstrain function of biological soft tissue. However, the modelling error is considerable higher than in the case of silicone, especially if e is large. This limitation of equation (4) will be investigated in the future when using the wheel probe on biological soft tissues.
To highlight the advantages gained when employing the dual-wheeled probe in contrast to a forceonly measuring probe, the stiffness maps generated using the wheeled probe were compared with the force maps generated directly from the tissue reaction forces. Tissue reaction forces were recorded along the rolling paths and it was assumed that the indentation depth was constant at all times (Fig. 13 ). It can be seen that a large high-force plateau (from y 5 85 to y 5 132, x 5 20 to x 5 130) appears in the force map despite the fact that the mechanical properties of the silicone are identical across the entire silicone phantom. The observed force changes across the phantom are due to variations in Fig. 10 The interaction force map from the silicone phantom with embedded nodules Fig. 11 The rolling indentation depth map from the silicone phantom with embedded nodules Fig. 12 The stiffness map of the silicone phantom with embedded nodules indentation depths. In the stiffness map, this problem is avoided and the stiffness of the silicone (except the regions with embedded nodules) appears uniform. Thus, an increase in stiffness caused by a hard nodule is more easily identifiable in the stiffness map. The above comparison also indicates that the wheeled probe can compute the tissue stiffness without the need to keep the indentation depth constant. Hence employing the wheeled probe for tissue abnormality identification does not require prior tissue surface registration.
To further analyse the accuracy of nodule localization using the stiffness distribution map, the map was converted to a stiffness contour map using the Matlab Image Processing Toolbox. The locations of image peaks in the force map (x, y coordinates of the centroids of the nodules) were determined using the locations of the apexes of the image peaks on the contour map as shown in Fig. 14 . Table 3 lists the identified nodules and the locations of the corresponding image peaks on the stiffness map as well as the percentage error of each localized hard nodule with respect to its location in the silicone phantom.
UNIAXIAL INDENTATION
The rolling indentation conducted by the wheeled probe can provide a stiffness distribution map of the soft tissue for the identification of abnormal tissue regions. To identify further the mechanical properties of the identified regions in detail, uniaxial palpation (which is discrete and in the z axis direction only) can also be applied to those abnormal tissue regions found using rolling indentation.
In quasi-linear viscoelasticity theory (QLV) [28] , the stress developed from a specimen is considered Fig. 13 The comparison between the force map (a) and the stiffness map (b) as a function of stretch l as well as time t. If a soft tissue sample is subjected to a monotonic stretch from 0 to l in a time interval f, the constitutive equation of the tissue can be expressed as
where E (e) (l) is the elastic response, which is the instantaneous stress generated when a step function with a stretch ratio l is imposed on a sample and G(t) is the reduced relaxation function, which is a normalized function of time.
As indicated in equation (5), functions E (e) (l) and G(t) need to be defined in order to obtain the constitutive equation of tissue. This was achieved through specifically designed uniaxial palpation experiments as described below.
1. The wheel indented vertically into the identified nodule area on the silicone phantom from the plane of z 5 30 to the plane of z 5 25, with a constant speed of 5 mm/s. This procedure was designed to acquire elastic response E (e) (l) of the tissue using the measured force-tissue deflection curve, Fig. 15 . 2. After the wheel had moved to the plane of z 5 25 (equivalent to an indentation depth of 5 mm), the wheel was held steady and kept constant for 10 s. This procedure was designed to obtain the reduced relaxation function G(t) from the stress relaxation curve, Fig. 15 .
With regard to the force-tissue deflection curve, the tissue characteristic responses were analysed as described below.
Elastic response E (e) (l)
Let the compressive stretch l 5 L/L 0 , and compressive strain e~L 0 {L ð Þ=L 0~1 {l, then elastic response E (e) (l) can be defined as
where a, b are parameters that need to be found, L 0 is the thickness of the tissue at zero loading and L is the thickness of the material after it has been compressed by the load.
As described in reference [28] , elastic response E (e) (l) when applying a step strain function can be approximated by the stress response when applying a ramp function strain input with sufficient high loading rate [28] . Therefore, the stress-strain function obtained from the vertical wheel indentation can be considered as elastic response E (e) (l). To simplify the analysis, the contact area between the wheel and tissue was assumed to be 868 mm 2 during the whole indentation process. A curve-fitting approach applying a non-linear least-squares algorithm was used to identify the parameters of equation (6) . The R-squared errors of the fitting are between 0.993 and 0.999. The parameters a and b for each test area are listed in Table 4 .
The reduced relaxation function G(t)
The reduced relaxation function can be modelled by a sum of exponential functions [28] 
where C i and V i are constant coefficients and t is time. In an earlier study by the present authors, it was found that using a sum of two exponentials can more accurately simulate the stress relaxation curve [13, 29] thus
The parameters of equation (8) were found by curve fitting the measured stress relaxation curves from tests. The R-squared errors of the fitting are between 0.9889 and 0.9964. The C 1 , C 2 , V 1 , V 2 for each test area are listed in Table 4 .
CONCLUSION AND FUTURE WORK
This paper presents a novel wheeled probe that can be used to measure reaction force and indentation depth during rolling indentation of soft tissue. This new approach can be employed for the rapid identification of soft tissue abnormalities. By conducting a rolling indentation over a soft tissue sample using the wheeled probe, the stiffness distribution of the inspected tissue can be visualized in the form of a pseudo-colour map. Following the feasibility study on the silicone phantom, it can be concluded that tissue abnormality identification using the wheeled probe is effective and accurate. If applied in MIS, it has the potential to aid surgeons considerably in procedures that involve the accurate targeting of malignant areas [30] and identification of precise margins for curative resection [31] , and in improving their intraoperative diagnostic and interventional decisions. However, to be utilized in MIS, the wheeled probe needs to be miniaturized so as to be able to go down a laparoscopic port which is 5-10 mm in diameter. Based on the concept of the initial prototype design, the miniaturized wheeled probe will be redesigned and manufactured to allow access through a standard trocar port of 10 mm in diameter. To facilitate the miniaturization of the device, the future wheeled probe will make use of a fibre-optic-based sensing scheme for both rolling indentation depth sensing and force sensing. Moreover, the use of nonelectronic components would allow the device to be capable of enduring the clinical sterilization procedure.
The envisaged prototype consists of a fibre-optic force sensor attached to a spherical wheel endeffector and integrates a ring-shaped pick-up mechanism that is connected to a fibre-optic displacement sensor via a slider, as shown in Fig. 15 . The fibre-optic-based force sensor measures the forces acting on the wheel during rolling indentation while the ring-shaped pick-up mechanism slides over the tissue surrounding the wheel. When the wheel indents into the tissue surface the pick-up mechanism is free to slide axially and therefore remains in contact with the surface of the tissue. Owing to the high local deformability in soft tissues, the indentation contour rises from the indentation point to the surface following an exponential curve. By measuring the distance between the deepest indentation point and the pick-up mechanism, the indentation depth can be established.
